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ABSTRACT
The c le a n in g  o f  f i n e  c o a l  t o  a c h ie v e  c o m p l ia n c e  s p e c i f i c a t i o n s  g e n e r a l l y  
s a c h a l l e n g in g  p ro b le m  f o r  c o a l  p r e p a r a t i o n  e n g in e e r s .  G r a v i t y  s e p a r a t io n  
te c h n iq u e s  a re  l i m i t e d  w i t h  re g a r d  t o  c a p a c i t y / e f f i c i e n c y  c o n s id e r a t i o n s ,  and 
th e  most p r o m is in g  p ro c e s s  a l t e r n a t i v e  seems t o  be f l o t a t i o n ,  th e  use o f  w h ich  
n th e  U .S . has grown s i g n i f i c a n t l y  f ro m  an i n s t a l l e d  p l a n t  c a p a c i t y  o f  ^ 7,000 
tp d  i n  1965 t o  a p l a n t  c a p a c i t y  o f  6M,000 tp d  i n  1975 and a c a p a c i t y  o f  
M5,100 tp d  i n  1985. N e v e r th e le s s ,  i n  a l l  i n s ta n c e s  th e  e f f i c i e n c y  o f  th e  
f l o t a t i o n  p ro c e s s  f o r  th e  p r o d u c t io n  o f  a c o m p l ia n c e  c o a l  p r o d u c t  i s  l i m i t e d  
by th e  l i b e r a t i o n  c h a r a c t e r i s t i c s  and th e  s u r f a c e  c h e m is t r y  o f  th e  fe e d .
F u r t h e r ,  i n  a c o n v e n t io n a l  f l o t a t i o n  sy s te m , a r e l a t i v e l y  lo n g  r e t e n t i o n  t im e  
>10 m in u te s )  f r e q u e n t l y  i s  r e q u i r e d  t o  a c h ie v e  a c c e p ta b le  s e p a r a t io n  e f f i c i ­
e n c ie s .  I n  t h i s  r e g a r d ,  r e s e a r c h  and d e v e lop m e n t e f f o r t s  have shown t h a t  th e  
most r e c e n t  d e s ig n  o f  th e  h ig h - c a p a c i t y  a i r - s p a r g e d  h y d r o c y c lo n e  (ASH) can be 
used f o r  th e  s e l e c t i v e  m ic ro b u b b le  f l o t a t i o n  o f  f i n e  p a r t i c l e s ,  and i n  v ie w  o f  
th e se  r e s u l t s  f u r t h e r  e v a lu a t i o n  o f  th e  a i r - s p a r g e d  h y d r o c y c lo n e  f o r  th e  
c le a n in g  o f  f i n e  c o a l  i s  i n  p r o g r e s s .
P r e l im in a r y  p i l o t - p l a n t  s t u d ie s  w i t h  a n o m in a l  5-cm x 50-cm a i r - s p a r g e d  
h y d ro c y c lo n e  have been c o m p le te d  f o r  a m e d iu m - v o la t i l e  b i tu m in o u s  c o a l  f ro m  
P e n n s y lv a n ia  and a h i g h - v o l a t i l e  b i tu m in o u s  c o a l  f ro m  A labam a. I n  g e n e r a l ,  
e x c e l l e n t  s e p a r a t io n  e f f i c i e n c i e s  have been a c h ie v e d  u s in g  a i r - s p a r g e d  h y ­
d ro c y c lo n e  te c h n o lo g y  f o r  m ic ro b u b b le  f l o t a t i o n  o f  c o a l  w i t h  th e  r e s u l t s  ap ­
p ro a c h in g  a l i m i t  imposed by th e  w a s h a b i l i t y  c h a r a c t e r i s t i c s  o f  th e  fe e d .  I t  
i s  e x p e c te d  t h a t  c le a n  c o a l  p ro d u c ts  m e e t in g  c o m p l ia n c e  s p e c i f i c a t i o n s  can be 
made a t  h ig h  y i e l d s  i n  th e  a i r - s p a r g e d  h y d r o c y c lo n e ,  p r o v id e d  s u f f i c i e n t  l i b ­
e r a t i o n  i s  a c h ie v e d  and an a p p r o p r i a t e  re a g e n t  s c h e d u le  i s  e s t a b l i s h e d .  Of 
e q u a l o r  g r e a t e r  s i g n i f i c a n c e ,  how eve r,  i s  t h a t  th e  s p e c i f i c  c a p a c i t y  o f  th e  
a i r - s p a r g e d  h y d ro c y c lo n e  appea rs  t o  be as much as 500 t im e s  t h a t  o f  co lumns 
and c o n v e n t io n a l  m e c h a n ic a l  f l o t a t i o n  c e l l s .
INTRODUCTION
The im p o r ta n c e  o f  f l o t a t i o n  te c h n o lo g y  i n  th e  m in e r a l - p r o c e s s in g  i n d u s t r y  
c o n t in u e s  to  be o f  p a r t i c u l a r  s i g n i f i c a n c e  as e v id e n c e d  by th e  U .S . f l o t a t i o n  
P la n t  c a p a c i t y  f o r  d i f f e r e n t  com m odity  ty p e s  p re s e n te d  i n  T a b le  1 . O f a l l  th e  
c o m m o d it ie s ,  c o a l  has e x h i b i t e d  th e  g r e a t e s t  g ro w th  d u r i n g  th e  p a s t  decade .
Coal f l o t a t i o n  i n  th e  U .S . was f i r s t  p r a c t i c e d  i n  1925 i n  th e  s t a t e  o f  Wash-
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Table 1. Flotation Plant Capacity in the United States
Commodity Type
C a p a c i ty
1965
( th o u s a n d  to n s /d a y )  
1975 1985
S u l f i d e s 622 996 796
. r ■- I n d u s t r i a l  M in e r a ls 191 467 527
Coal 47 64 145
i • M e t a l l i c  O x ides 48 90 117 :
■ ; . . . .  • TOTAL 908 1617 1585
i n g t o n  and i n  1933 i n  P e n n s y lv a n ia ,  b u t  u n t i l  r e c e n t l y  was o n ly  o f  se co n d a ry  
i: im p o r ta n c e  i n  th e  p r o d u c t io n  o f  s team c o a l .  F r e q u e n t ly  s a t i s f a c t o r y  ash and 
s u l f u r  r e j e c t i o n  ca n n o t  be o b ta in e d  by g r a v i t y  o r  heavy  media c o n c e n t r a t io n  o f  
p lu s  28 mesh c o a ls ;  c o n s e q u e n t ly ,  t h e r e  i s  c o n s id e r a b le  p o t e n t i a l  t o  meet th e  
m a rk e t  s p e c i f i c a t i o n s  on ash and s u l f u r  by means o f  f i n e  c o a l  f l o t a t i o n .  By 
th e  end o f  t h i s  c e n t u r y ,  w i t h  im p roved  f i l t r a t i o n  te c h n iq u e s  o r  th e  d e v e lo p ­
: ment o f  c o a l  s l u r r y  t e c h n o lo g y ,  p e rhaps  10 m i l l i o n  tp d  o f  f i n e  c o a l  c o u ld  be 
c le a n e d  by f r o t h  f l o t a t i o n .  In d e e d ,  i f  we a re  t o  become c o a l  e x p o r t e r s  as 
some p r o g n o s t i c a t o r s  f o r e s e e ,  such  an e x p a n s io n  i n  th e  c o a l  i n d u s t r y  w i l l  be 
n e c e s s a ry .  T h is  c a l l s  f o r  s i g n i f i c a n t  im provem en ts  i n  c o a l  f l o t a t i o n  te c h n o ­
l o g y .  One a re a  i n  w h ic h  im provem ent may be p o s s ib le  i s  th e  a re a  o f  f l o t a t i o n  
equ ipm en t i n n o v a t io n s  f o r  in c r e a s e d  p r o d u c t i v i t y .
F l o t a t i o n  e q u ip m e n t d e ve lop m e n t d u r in g  th e  p a s t  decade has in c lu d e d  th e  
d e s ig n ,  i n s t a l l a t i o n ,  and o p e r a t i o n  o f  l a r g e r  m e c h a n ic a l  f l o t a t i o n  c e l l s  ( a e r ­
a te d  s t i r r e d  ta n k  r e a c t o r s ) .  I n  a d d i t i o n ,  c o n s id e r a b le  e f f o r t  has been made 
d u r in g  th e  p a s t  decade t o  d e v e lo p  co lum n f l o t a t i o n  te c h n o lo g y  i n  th e  U .S . and 
e ls e w h e re ,  l e a d in g  t o  a number o f  i n d u s t r i a l  i n s t a l l a t i o n s .  N e v e r th e le s s ,  f o r  
b o th  m e c h a n ic a l  and co lum n c e l l s  th e  s p e c i f i c  f l o t a t i o n  c a p a c i t y  f o r  c o a l  i s  
g e n e r a l l y  l i m i t e d  t o  1-2  t p d  pe r  c u b ic  f o o t  o f  c e l l  vo lum e.
I n  c o n t r a s t  w i t h  c o n v e n t io n a l  f l o t a t i o n  e q u ip m e n t ,  i t  i s  e x p e c te d  t h a t  
th e  a i r - s p a r g e d  h y d ro c y c lo n e  (ASH) w i l l  have a s p e c i f i c  f l o t a t i o n  c a p a c i t y  f o r  
c o a l  o f  a t  l e a s t  100 t p d  pe r  c u b ic  f o o t  o f  c e l l  vo lum e . I n  t h i s  r e g a r d ,  an 
e x te n s iv e  ASH t e s t  p rog ram  has been p la n n e d  by P ene lec  w i t h  s u p p o r t  f ro m  DOE 
a t  th e  EPRI Coa l Q u a l i t y  Deve lopm ent C e n te r  i n  Homer C i t y ,  P e n n s y lv a n ia  ( C h i -  
r o n i s ,  1987) .  A f t e r  d e s c r i b i n g  th e  f e a t u r e s  o f  m ic ro b u b b le  f l o t a t i o n  w i t h  th e  
a i r - s p a r g e d  h y d ro c y c lo n e  and d i s c u s s in g  how t h i s  r e l a t e s  t o  fu n d a m e n ta l  a s ­
p e c ts  o f  f l o t a t i o n ,  p r e l i m i n a r y  r e s u l t s  f ro m  p i l o t - p l a n t  s t u d ie s  on a medium- 
v o l a t i l e  b i tu m in o u s  c o a l  f ro m  P e n n s y lv a n ia  and a h i g h - v o l a t i l e  b i tu m in o u s  
c o a l  f ro m  Alabama w i t h  a n o m in a l  5-cm x 50-cm ASH u n i t  w i l l  be d is c u s s e d  w i t h  
r e s p e c t  t o  d e s ig n  and o p e r a t i n g  v a r i a b l e s .
,i:; ' I  .. . . i . FEATURES OF THE ASH SYSTEM \ : ; v
■ The a i r - s p a r g e d  h y d r o c y c lo n e  was d e v e lo p e d  d u r in g  th e  e a r l y  1980s i n  
o r d e r  t o  a c h ie v e  f a s t  f l o t a t i o n  o f  f i n e  p a r t i c l e s  i n  a c e n t r i f u g a l  f i e l d  
( M i l l e r ,  1981, 1983a , 1983b ) .  A s c h e m a t ic  d ra w in g  o f  th e  a i r - s p a r g e d  h y d r o c y -
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c lo n e  i s  p re s e n te d  i n  F ig u r e  1 . B a s i c a l l y  th e  a i r - s p a r g e d  h y d ro c y c lo n e  con ­
s i s t s  o f  two c o n c e n t r i c  r i g h t - v e r t i c a l  t u b e s ,  a c o n v e n t io n a l  c y c lo n e  heade r a t  
t h e  t o p ,  and a f r o t h  p e d e s ta l  a t  th e  b o t to m .  The in n e r  tu b e  i s  a po rous  tu b e  
th r o u g h  w h ich  a i r  i s  spa rged  r a d i a l l y .  The o u te r  nonpo rous  tu b e  s im p ly  s e rv e s  
as an a i r  j a c k e t  t o  p r o v id e  f o r  even d i s t r i b u t i o n  o f  a i r  t h r o u g h  th e  po rous  
i n n e r  t u b e .  The s l u r r y  i s  fe d  t a n g e n t i a l l y  th r o u g h  th e  c o n v e n t io n a l  c y c lo n e  
header i n s i d e  th e  p o ro u s  tu b e  t o  d e v e lo p  a s w i r l  f l o w  o f  a c e r t a i n  t h ic k n e s s  
i n  th e  r a d i a l  d i r e c t i o n  ( t h e  s w i r l - l a y e r  t h i c k n e s s )  and i s  d is c h a r g e d  th ro u g h  
th e  a n n u la r  o p e n in g  between th e  in n e r  po rous  tu b e  w a l l  and th e  f r o t h  p e d e s ta l .  
A i r  i s  sp a rged  th ro u g h  th e  j a c k e t e d ,  i n n e r  po rous  tu b e  w a l l  and i s  shea red  
i n t o  s m a l l  b u b b le s  by th e  s w i r l  f l o w .  H y d ro p h o b ic  p a r t i c l e s  ( c o a l )  i n  th e  
s l u r r y  c o l l i d e  w i t h  th e s e  b u b b le s  and , a f t e r  a t ta c h m e n t ,  a re  t r a n s p o r t e d  r a d i ­
a l l y  i n t o  a f r o t h  phase w h ic h  fo rm s  on th e  c y c lo n e  a x i s .  The f r o t h  phase i s  
s t a b i l i z e d  and c o n s t r a in e d  by th e  f r o t h  p e d e s ta l  a t  th e  u n d e r f lo w  and th u s  
moves to w a rd s  th e  v o r t e x  f i n d e r  o f  th e  c y c lo n e  heade r and i s  d is c h a rg e d  as an 
o v e r f l o w  p r o d u c t .  H y d r o p h i l i c  p a r t i c l e s  ( m in e r a l  m a t t e r )  g e n e r a l l y  re m a in  i n  
th e  s l u r r y  phase and a re  d is c h a rg e d  as an u n d e r f lo w  p r o d u c t  th r o u g h  th e  annu- 
l u s  c r e a te d  by th e  f r o t h  p e d e s ta l .
FUNDAMENTAL CONSIDERATIONS 
B u b b l e / P a r t i c l e  C o n ta c t  and A t ta c h m e n t
F r o th  f l o t a t i o n  i n  any f l o t a t i o n  m ach ine  i s  a c c o m p l is h e d  by a t ta c h m e n t  o f  
h y d ro p h o b ic  p a r t i c l e s  t o  b u o y a n t  b u b b le s  w h i l e  h y d r o p h i l i c  gangue p a r t i c l e s  o r  
p a r t i c l e s  w i t h  lo w e r  h y d r o p h o b i c i t y  a re  w e t te d  by w a te r  and re m a in  suspended 
i n  th e  s l u r r y .  The fu n d a m e n ta l  f l o t a t i o n  s te p  i n v o l v e s  b u b b l e / p a r t i c l e  con­
t a c t  f o r  a s u f f i c i e n t  t im e  t o  a l l o w  f i l m  r u p t u r e ,  and th u s  a t ta c h m e n t  i s  
e s t a b l i s h e d .  I n  t h i s  way, a c o n ta c t  t im e  and an i n d u c t i o n  t im e  a re  d i s t i n ­
g u is h e d .  The fo rm e r  i s  d e te rm in e d  by b u b b l e / p a r t i c l e  m o t io n  and c o n t r o l l e d  by 
th e  h y d ro d yn a m ics  o f  th e  sys te m . The l a t t e r  i s  d o m in a te d  by s u r f a c e  c h e m is t r y  
f e a t u r e s  o f  th e  b u b b le  and th e  p a r t i c l e s  and can be a l t e r e d  by f l o t a t i o n  r e a ­
g e n ts .  F u r t h e r ,  th e  fo rm e r  r e f e r s  t o  th e  t im e  d u r in g  w h ic h  a p a r t i c l e  w ou ld  
be i n  c o n ta c t  w i t h  th e  b u b b le ,  w h i l e  th e  l a t t e r  i s  u s u a l l y  r e c o g n iz e d  as th e  
t im e  r e q u i r e d  f o r  t h i n n i n g  th e  w a te r  f i l m  between th e  p a r t i c l e  s u r f a c e  and th e  
a i r  b u b b le  t o  such a th ic k n e s s  t h a t  r u p t u r e  ta k e s  p la c e .
The manner o f  b u b b l e / p a r t i c l e  c o n ta c t  has been s t u d ie d  t h e o r e t i c a l l y  by 
s e v e r a l  i n v e s t i g a t o r s  and in c lu d e s  s l i d i n g  c o n t a c t  m odels  ( S u t h e r la n d ,  1948; 
Dobby and F in c h ,  1986) and c o l l i s i o n  c o n ta c t  m odels (E va n s ,  1952; Ye and 
M i l l e r ,  1987a ,  1987b ) .  I n  th e  s l i d i n g  m o d e ls ,  b u b b l e / p a r t i c l e  c o n ta c t  i s  con ­
s id e r e d  as an e v e n t  d u r in g  w h ic h  th e  p a r t i c l e  s l i d e s  o v e r  th e  b u b b le  s u r f a c e  
as a r e s u l t  o f  t h e i r  r e l a t i v e  m o t io n .  I n  th e  c o l l i s i o n  m o d e ls ,  th e  c o n ta c t  i s  
c o n s id e re d  as an e v e n t  d u r in g  w h ic h  th e  p a r t i c l e  c o l l i d e s  w i t h  th e  b u b b le ,  
c a u s in g  th e  b u b b le  s u r f a c e  t o  de fo rm  t o  th e  p a r t i c l e  shape so t h a t  t h i n n i n g  o f  
th e  w a te r  f i l m  i s  f a c i l i t a t e d .  The c o n ta c t  t im e  i n  t h e  fo rm e r  m ode ls  r e l a t e s  
l a r g e l y  t o  r e l a t i v e  b u b b l e / p a r t i c l e  v e l o c i t y  and i n  th e  l a t t e r  m odels  i s  i n ­
dependent o f  such  v e l o c i t y  b u t  depends s i g n i f i c a n t l y  on b u b b le  mass, p a r t i c l e  
mass, and s u r fa c e  t e n s io n .
From h ig h -s p e e d  v id e o  a n a l y s i s  o f  f l o w  i n  a s p e c i a l l y  d e s ig n e d  ASH sys tem  
w i t h  p l e x i g l a s s  w indow s, i t  has been n o te d  t h a t  b u b b le s  a c q u i r e  t a n g e n t i a l  and 
a x i a l  v e l o c i t y  components as th e y  p e n e t r a te  th e  s w i r l  l a y e r  and e n te r  th e  
f r o t h  c o re  as shown by th e  i n s e r t  i n  F ig u re  1 . Though th e s e  tw o  v e l o c i t i e s
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AIR - SP A R G E D  HYDROCYCLONE
Figure 1. P e rsp e c tiv e  view of th e  a ir -s p a rg e d  hydrocyclone, 
in c lu d in g  flow c h a r a c te r i s t i c s .
4
a re  a f f e c t e d  by a i r  f l o w  r a t e  and s l u r r y  p r e s s u r e  ( t h e  l a t t e r  c o n t r o l s  ta n g e n ­
t i a l  and a x i a l  v e l o c i t i e s  o f  th e  s l u r r y  i n  s w i r l  m o t io n ) ,  th e y  a re  r e l a t i v e l y  
s m a l l  i n  co m p a r iso n  w i t h  th e  r a d i a l  v e l o c i t y  o f  th e  b u b b le s .  Thus, th e  m o t io n  
f e a t u r e s  o f  b u b b le  and p a r t i c l e  i n  an a i r - s p a r g e d  h y d r o c y c lo n e  can be s i m p l i ­
f i e d  as a m o t io n  i n  w h ic h  t h e r e  i s  a r i g h t  a n g le  between th e  r a d i a l  b u b b le  
v e l o c i t y  v e c t o r  and th e  p a r t i c l e  v e l o c i t y  v e c t o r  ( c o m b in a t io n  o f  t a n g e n t i a l  
and a x i a l  v e c t o r s ) .  I n  p r e v io u s  e x p e r im e n ts ,  i t  has been shown t h a t  th e  t a n ­
g e n t i a l  and a x i a l  v e l o c i t y  o f  th e  f l u i d  i n  an a i r - s p a r g e d  h y d r o c y c lo n e  v a ry  
w i t h  th e  a x i a l  d is t a n c e  f ro m  th e  c y c lo n e  r o o f ;  f o r  a 5-cm ASH a t a n g e n t i a l  
s l u r r y  v e l o c i t y  o f  a t  l e a s t  3 m/s i s  e x p e c te d  ( M i l l e r  e t  a l . ,  1985) .  W ith  
t h i s  v e l o c i t y  v a lu e  and th e  m o t io n  f e a t u r e s  o f  b u b b le  and p a r t i c l e  i n  an ASH 
sys tem  as c h a r a c t e r i z e d  above , c o n ta c t  t im e s  c a l c u l a t e d  by s l i d i n g  m odels  a re  
o r d e r s  o f  m a g n itu d e  s m a l le r  th a n  d i r e c t l y  measured i n d u c t i o n  t im e s  o f  h y d r o ­
p h o b ic  m in e r a l  p a r t i c l e s ,  w h i l e  c o l l i s i o n  m ode ls  p r o v id e  a c o n ta c t  t im e  o f  th e  
a p p r o p r i a t e  m a g n i tu d e .  From t h i s  p o i n t  o f  v ie w ,  i t  i s  s u g g e s te d  t h a t  i n  
g e n e r a l ,  and f o r  th e  ASH sys tem  i n  p a r t i c u l a r ,  b u b b l e / p a r t i c l e  a t ta c h m e n t  
o c c u rs  by c o l l i s i o n  c o n ta c t  r a t h e r  th a n  by s l i d i n g  c o n t a c t .
F l o t a t i o n  P a t t e r n
A s i m p l i f i e d  f l o t a t i o n  p a t t e r n  i n  th e  a i r - s p a r g e d  h y d r o c y c lo n e  based on 
e x p e r im e n ta l  o b s e r v a t io n  i s  shown s c h e m a t i c a l l y  i n  F ig u r e  1 . When s l u r r y  i s  
fe d  t a n g e n t i a l l y  th r o u g h  a c o n v e n t io n a l  c y c lo n e  header i n t o  th e  po ro u s  tu b e  a 
s w i r l  f l o w  o f  a c e r t a i n  t h i c k n e s s  a d ja c e n t  t o  th e  p o ro u s  tu b e  w a l l  i s  d e v e l ­
oped, l e a v in g  an empty a i r  c o re  a t  th e  c e n te r  o f  th e  tu b e .  When a i r  i s  
sp a rged  th r o u g h  th e  po ro u s  tu b e  w a l l  i n t o  th e  s w i r l  l a y e r ,  s m a l l  a i r  b u b b le s  
a re  fo rm e d .  H y d ro p h o b ic  p a r t i c l e s  i n  th e  s l u r r y  th u s  c o l l i d e  w i t h  th e s e  bub­
b le s  and , a f t e r  a t ta c h m e n t ,  a re  t r a n s p o r t e d  i n t o  th e  c e n te r  o f  th e  c y c lo n e .
The a i r  c o re  becomes a f r o t h  c o r e .  H y d r o p h i l i c  p a r t i c l e s  g e n e r a l l y  re m a in  i n  
th e  s l u r r y  phase, w h ic h  i s  d is c h a rg e d  as th e  s w i r l  l a y e r  th r o u g h  th e  a n n u la r  
u n d e r f lo w  o p e n in g  between th e  po rous  tu b e  w a l l  and th e  f r o t h  p e d e s ta l .  A ped­
e s t a l  s u p p o r t s  th e  f r o t h  c o re  w h ic h  i s  c o n t i n u o u s l y  r e p le n i s h e d ,  b e in g  a x i a l l y  
t r a n s p o r t e d  t o  th e  v o r t e x  f i n d e r  and d is c h a r g e d  as an o v e r f l o w  f r o t h  p r o d u c t .
A p re s s u re  d i f f e r e n c e  (A p ) between th e  f r o t h  p e d e s ta l  and v o r t e x  f i n d e r  
o u t l e t  can be m o n i to re d  and i s  th e  a c t u a l  d r i v i n g  f o r c e  t o  a x i a l l y  t r a n s p o r t  
th e  f r o t h  phase. F u r t h e r ,  f o r  a w e l l - b e h a v e d  s y s te m , t h e  g ra d e  o f  th e  h y d r o ­
p h o b ic  p a r t i c l e s  as w e l l  as s o l i d s  c o n c e n t r a t i o n  by w e ig h t  i s  th e  h ig h e s t  i n  
th e  c e n te r  o f  th e  f r o t h  c o re  and d e c re a s e s  r a d i a l l y  t o  th e  c o n c e n t r a t i o n  i n  
th e  s l u r r y  phase a t  a p a r t i c u l a r  e l e v a t i o n  i n  th e  a i r - s p a r g e d  h y d r o c y c lo n e .  
T h is  i s  an im p o r t a n t  f e a t u r e  o f  th e  f l o t a t i o n  p a t t e r n  f o r  an a i r - s p a r g e d  hy­
d r o c y c lo n e ,  w h ic h  s t r o n g l y  a f f e c t s  f l o t a t i o n  p e r fo rm a n c e  and i s  c o n t r o l l e d  by 
d e s ig n  and o p e r a t i n g  v a r i a b l e s .  F u r th e rm o re ,  p r e v io u s  e x p e r im e n ts  have shown 
t h a t  th e  ASH sys tem  a c t u a l l y  o p e ra te s  under a r e s t r i c t e d  c o n d i t i o n  i n  w h ich  
th e  a n n u la r  o p e n in g  i s  u s u a l l y  l e s s  th a n  th e  s w i r l - l a y e r  t h i c k n e s s ,  so t h a t  
th e  p re s s u re  d i f f e r e n c e  n e c e s s a ry  f o r  a x i a l  t r a n s p o r t  o f  th e  f r o t h  i s  e n s u re d .
S w i r l - L a y e r  T h ic k n e s s /F r o t h  Core
A c t u a l l y ,  th e  te rm  " s w i r l  l a y e r , "  w h ich  has lo n g  been used i n  d e s c r i b i n g  
a i r - s p a r g e d  h y d ro c y c lo n e  f l o t a t i o n ,  i s  n o t  v e r y  c o r r e c t ,  s in c e  e v e r y t h in g  i n ­
c lu d in g  th e  f r o t h  c o re  i n s i d e  an a i r - s p a r g e d  h y d ro c y c lo n e  i s  i n  s w i r l  m o t io n ,  
as obse rve d  fro m  a s p e c i a l  ASH u n i t  w h ic h  has p l e x i g l a s s  w indows on th e  t o p ,  
m id d le  and b o t to m .  The te rm  " s w i r l  l a y e r "  i s  used t o  s p e c i f y  a p a r t i c u l a r
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l a y e r  o f  s l u r r y  w h ic h  e x i s t s  a d ja c e n t  t o  th e  po ro u s  tu b e  w a l l .  The m o t io n  
f e a t u r e  o f  t h i s  l a y e r  i s  t h a t  i t  has a n e t  a x i a l  v e l o c i t y  to w a rd  th e  a n n u la r  
o p e n in g  between th e  po ro u s  tu b e  w a l l  and th e  f r o t h  p e d e s t a l ,  as i l l u s t r a t e d  i n  
F ig u r e  1. E a r l y  e x p e r im e n ts  w h ic h  were c a r r i e d  o u t  w i t h  a nonpo rous  t r a n s p a r ­
e n t  r i g h t - v e r t i c a l  tu b e  o f  p l e x i g l a s s  w i t h  w a te r  s u g g e s te d  t h a t  th e  t h ic k n e s s  
o f  t h i s  l a y e r  i s  8 t o  12% o f  th e  tu b e  r a d i u s .  These e x p e r im e n ta l  d a ta  c l o s e l y  
m atch th e  v a lu e s  p r e d i c t e d  f ro m  i n v i s c i d  f l u i d - f l o w  th e o r y  f o r  s w i r l  n o z z le s  
p roposed  by T a y lo r  e t  a l . and f ro m  momentum b a l a n c e / c o n t i n u i t y  e q u a t io n s  
d e r iv e d  f o r  th e  a i r - s p a r g e d  h y d r o c y c lo n e  ( M i l l e r  e t  a l . ,  1985) .  L a t e r  e x p e r i ­
ments w h ic h  were c a r r i e d  o u t  on a c o m p le te  a i r - s p a r g e d  h y d ro c y c lo n e  su g g e s te d  
a s i m i l a r  v a lu e  b u t  i n d i c a t e d  t h a t  i t  s l i g h t l y  in c r e a s e s  w i t h  f r o t h e r  a d d i t i o n  
and in c r e a s e  o f  a i r  f l o w  r a t e ,  due t o  th e  s t a b i l i z a t i o n  o f  f i n e  b u b b le s  i n  
t h i s  l a y e r  as w e l l  as any d is t u r b a n c e  t o  th e  s w i r l  m o t io n  t h a t  m ig h t  be caused 
by th e s e  b u b b le s  ( M i l l e r  e t  a l . ,  1988) .
Between th e  s w i r l  l a y e r  and f r o t h  c o r e ,  t h e r e  e x i s t s  a t r a n s i t i o n  r e g io n ,  
so d e f in e d  because i t s  n e t  v e l o c i t y  i n  th e  a x i a l  d i r e c t i o n  i s  c o n s id e re d  t o  be 
e i t h e r  z e ro  o r  i n  th e  same d i r e c t i o n  as th e  s l u r r y  phase . The fo rm e r  c o n d i ­
t i o n  e x i s t s  when th e  f r o t h  c o re  i s  v e r y  l a r g e ,  l e a v i n g  l i t t l e  space f o r  th e  
t r a n s i t i o n  r e g io n  (Case I ) .  The l a t t e r  e x i s t s  when th e  f r o t h  c o re  i s  r e l a ­
t i v e l y  s m a l l  (Case I I ) ,  unde r w h ic h  c i r c u m s ta n c e s  th e  a i r - s p a r g e d  h y d ro c y c lo n e  
w orks  as i f  p a r t  o f  i t s  vo lum e , som etim es more th a n  h a l f ,  i s  f i l l e d  w i t h  w a te r  
( o r  s l u r r y ) .  T h is  has been o b s e rv e d  f ro m  b o th  h o ld - u p  volume measurements 
(B ake r  e t  a l . ,  1988) and , r e c e n t  o b s e r v a t io n s  w i t h  a s p e c i a l l y  d e s ig n e d  ASH 
u n i t  w h ic h  has s e v e r a l  p l e x i g l a s s  w indow s. N e v e r th e le s s ,  i n  b o th  cases th e  
s w i r l - l a y e r  t h i c k n e s s  re m a in s  th e  same. . , , _
I n  g e n e ra l  th e  case  o f  a l a r g e  t r a n s i t i o n  r e g io n  and a s m a l l  f r o t h  co re  
i s  t o  be a v o id e d  f o r  e f f e c t i v e  a i r - s p a r g e d  h y d ro c y c lo n e  f l o t a t i o n  s e p a r a t io n s .  
When a l a r g e  o v e r f l o w  o p e n in g  a re a  i s  a d o p te d ,  s l u r r y  i n  th e  t r a n s i t i o n  r e g io n  
, w i l l  be i n a d v e r t e n t l y  t r a n s p o r t e d  i n t o  th e  o v e r f l o w  s t re a m ,  c a u s in g  p oo r  f l o ­
t a t i o n  s e l e c t i v i t y .  F u r t h e r ,  i t  i s  o b s e rv e d  t h a t ,  i n  a d d i t i o n  t o  th e  s w i r l  
m o t io n  and th e  a x i a l  f l o w  o f  th e  f r o t h  c o r e ,  th e  a x is  o f  th e  f r o t h  c o r e ,  when 
th e  c o re  i s  r e l a t i v e l y  s m a l l ,  has a c e r t a i n  deg ree  o f  c i r c u l a r  m o t io n  ( d r i f t  
m o t io n ) .  The a x i a l  d r i f t  o f  th e  f l u i d  seems t o  a c c o u n t  f o r  th e  i n a d v e r t e n t  
t r a n s p o r t  o f  s l u r r y  t o  th e  o v e r f l o w  s t re a m  and f r o t h  t o  th e  u n d e r f lo w  s t re a m .
The d ia m e te r  o f  th e  f r o t h  c o re  can be c o n t r o l l e d  w i t h  th e  a d d i t i o n  o f  
f r o t h e r .  When a c e r t a i n  q u a n t i t y  o f  f r o t h e r  i s  added , th e  f r o t h  co re  becomes 
l a r g e  and th e  t r a n s i t i o n  r e g io n  d im in is h e s  such  t h a t  th e  h o ld - u p  vo lum e o f  
s l u r r y  i n  an ASH u n i t  d e c re a s e s ;  t h i s  has been c o n f i rm e d  by w a te r  h o ld - u p  
vo lume m easurements i n  an ASH u n i t  (B a k e r  e t  a l . ,  1988) and p a r t i c u l a r l y  by 
d i r e c t  e x p e r im e n ta l  o b s e r v a t io n  th r o u g h  p l e x i g l a s s  w indows o f  a s p e c i a l l y  ■> 
d e s ig n e d  ASH u n i t .  F u r t h e r ,  i t  i s  u n d e rs ta n d a b le  t h a t  th e  p a r t i c l e  s u r fa c e  
c h e m is t r y  has an e f f e c t  on f r o t h  c o re  d ia m e te r  and s t a b i l i t y .  When th e  f r o t h  
i s  s t a b i l i z e d  by a h ig h  p e rc e n ta g e  o f  h y d ro p h o b ic  p a r t i c l e s ,  th e  f r o t h  c o re  i s  
e n la r g e d ,  and th e  t r a n s i t i o n  r e g io n  d im in i s h e s .  The a i r  f l o w  r a t e  a ls o  has a 
s i g n i f i c a n t  e f f e c t  on th e  f r o t h  b e h a v io r ,  w h ic h  i s  be d is c u s s e d  e lse w h e re  
( M i l l e r  and Ye, 1988) .
B ubb le  S iz e  : - — ■ - 1 ■ • ■ :.. ■. ■ ■ r  '
A s im p le  t h e o r e t i c a l  e x p r e s s io n  f o r  th e  s i z e  o f  a b u b b le  fo rm ed  i n  s w i r l  
f l o w  f ro m  a s i n g l e  c a p i l l a r y  has been d e r i v e d  b e fo r e  ( M i l l e r  e t  a l . 1985) .
6
T h is  a n a l y s i s  s u g g e s ts  t h a t  th e  b u b b le  s i z e  ( r ^ )  w i l l  become in d e p e n d e n t  o f  
th e  c a p i l l a r y  s i z e  ( r  ) and depend o n l y  on th e  a i r  f l o w  r a t e  and th e  ta n g e n ­
t i a l  v e l o c i t y  o f  th e  l i q u i d  when th e  b u b b le  s i z e  i s  s i g n i f i c a n t l y  l a r g e r  th a n  
th e  c a p i l l a r y  s i z e  ( r Q/ r b << 1 ) .  , ..... ......... ..........  ... . . , ...
T a b le  2 p re s e n ts  some e x p e r im e n ta l  r e s u l t s  on b u b b le  f o r m a t i o n  f rom  
s i n g l e  c a p i l l a r i e s  i n  a p l e x i g l a s s  h y d r o c y c lo n e  ( M i l l e r  and Ye, 1988) .  The 
e x p e r im e n ts  were re c o r d e d  and a n a ly z e d  w i t h  th e  SP 2000 h ig h -s p e e d  v id e o  s y s ­
tem (S p in  P h y s ic s  o f  Eastman Kodak) h a v in g  a c a p a b i l i t y  o f  2000 f ra m e s  pe r  
second i n  th e  f u l l - f r a m e  mode and 12,000 f ra m e s  p e r  second i n  th e  s p l i t - f r a m e  
mode. The t a n g e n t i a l  v e l o c i t y  o f  t h e  w a te r  was c o n t r o l l e d  a t  2.8  m /s .  The 
c a p i l l a r y  s i z e  was 640 m ic ro m e te r s .  I t  can be n o te d  f ro m  th e  d a ta  t h a t  th e  ; 
b u b b le  d ia m e te r  i s  com pa rab le  i n  s i z e  t o  th e  c a p i l l a r y  d ia m e te r  and does n o t  
change a p p r e c ia b ly  w i t h  a i r  f l o w r a t e  ( o r  f l o w  r a t i o ) .  I n  t h i s  r e g a r d ,  th e  
a s s u m p t io n  t h a t  th e  b u b b le  d ia m e te r  w i l l  be e q u i v a le n t  t o  th e  c a p i l l a r y  d iam e­
t e r  may be th e  m ost u s e f u l  e s t im a t e .  I t  s h o u ld  be em phas ized , how eve r,  t h a t  
th e s e  e s t i m a t i o n  p ro c e d u re s  a re  based on d a ta  f o r  r a t h e r  l a r g e  b u b b le  d iam e­
t e r s .  The u t i l i t y  o f  th e s e  e s t i m a t i o n  p ro c e d u re s  f o r  b u b b le  g e n e r a t io n  f rom  
s m a l le r  c a p i l l a r i e s  (<100 ym) s t i l l  r e q u i r e s  e x p e r im e n ta l  v e r i f i c a t i o n .  F u r ­
th e rm o re ,  i t  i s  c l e a r  f ro m  T a b le  2 t h a t  s u r f a c e  t e n s io n  does n o t  have a s i g n i ­
f i c a n t  e f f e c t  on b u b b le  s i z e  unde r  th e s e  c o n d i t i o n s  i n  an a i r - s p a r g e d  h y d r o c y ­
c lo n e .  B ubb le  s i z e  e s s e n t i a l l y  re m a in s  c o n s ta n t  as th e  l e v e l  o f  MIBC a d d i t i o n  
i s  in c re a s e d  f ro m  z e ro  t o  120 ppm.
T a b le  2 . B ubb le  S iz e  Formed From a S in g le  640-m ic r o m e te r  C a p i l l a r y  i n  
th e  S w i r l  F low  o f  a H y d ro c y c lo n e  a t  D i f f e r e n t  MIBC A d d i t i o n s  
and A i r  F low R a tes  ( T a n g e n t ia l  V e l o c i t y  o f  W ate r 2.9  m /s ) .
MIBC A d d i t i o n  , 
(ppm)
A i r  F lo w r a te  , 
( x 10~ m ^ /s )
B ubb le  S iz e  
(pun)
0 " : - 0.08 510 ,
0 : ' : 1 .67 : . ! 720 :
0 2.50  ' 870 '
40 . : V  ■■■'■.- 0 0.08 , :- j ^  510 ,'A
40 ■ , -  1.67 .. ; 700 .. . ,■&: : , i
40 2.50 V 870 ' . ■ •,
80 : , , ,  0.08 f. . . i.j 500 : ; • ;■ r, ,
80 ‘ v _ 1.67 ; i; ■ r ,  700 /■, v ^ m . .
80 : 2.50  v 850 ; '
120 : .. 0.08 v; ....  ■ 500 ........ .
120 , 1.67 ' . v  .'i- 700 ■ '
120 :■■■■■■ 2.50  : ■ - , , 840 ,
A l th o u g h  f r o t h e r  a d d i t i o n  a ppea rs  t o  have no e f f e c t  on th e  s i z e  o f  bub­
b le s  fo rm ed  i n  th e  a i r - s p a r g e d  h y d r o c y c lo n e ,  a d d i t i o n  o f  f r o t h e r  i s  e s s e n t i a l  
f o r  a i r - s p a r g e d  h y d r o c y c lo n e  f l o t a t i o n  and, i n  f a c t ,  p r e v io u s  e x p e r im e n ts
( 5-cm d ia m e te r  ASH sy s te m s )  have shown t h a t  th e  f r o t h e r  l e v e l  r e q u i r e d  f o r  
a i r - s p a r g e d  h y d r o c y c lo n e  f l o t a t i o n  i s  som etim es h ig h e r  th a n  t h a t  f o r  conven ­
t i o n a l  f l o t a t i o n  m a ch in e s .  B a s i c a l l y ,  h ig h  b u b b l e / f r o t h  s t a b i l i t y  and m in im a l  
b u b b le  c o a le s c e n c e  a re  e s s e n t i a l  r e q u i r e m e n ts  i n  a i r - s p a r g e d  h y d r o c y c lo n e  f l o ­
t a t i o n  because o f  i t s  u n iq u e  f l u i d  f l o w  and f l o t a t i o n  p a t t e r n s .  These two 
r e q u i r e m e n ts  a re  c o n t r o l l e d  t o  a l a r g e  e x t e n t  by a d d i t i o n  o f  f r o t h e r s .  W ith  
i n c r e a s in g  a d d i t i o n  o f  f r o t h e r ,  b u b b le s  become s t a b i l i z e d  and c o a le s c e n c e  i s  
re d u c e d ;  th e  f r o t h  c o re  t h u s  fo rm ed  on th e  a x i s  o f  th e  c y c lo n e  s i g n i f i c a n t l y  
in c r e a s e s  i n  s i z e ,  and th e  t r a n s i t i o n  l a y e r  i s  re d u c e d  t o  a minimum, as was 
d i r e c t l y  o b s e rv e d  f ro m  a s p e c i a l l y  d e s ig n e d  c y c lo n e  u n i t  w i t h  p l e x i g l a s s  w in ­
dows. T r a n s p o r t  o f  h y d ro p h o b ic  p a r t i c l e s  t o  th e  o v e r f l o w  o p e n in g  f ro m  th e  
f r o t h  c o re  i s  im p ro v e d ,  and th e  f l o t a t i o n  r e c o v e r y  i s  in c r e a s e d .
T a n g e n t ia l  v e l o c i t y  o f  t h e  s l u r r y  i n  an a i r - s p a r g e d  h y d r o c y c lo n e  changes 
w i t h  th e  d i s t a n c e  f ro m  th e  c y c lo n e  r o o f , ( M i l l e r  e t  a l .  1985) ,  and c a p i l l a r y  
p o re s  o f  th e  po ro u s  tu b e  a re  n o t  u n i f o r m  b u t  r a t h e r  have a c e r t a i n  p o re  s iz e  
d i s t r i b u t i o n .  A i r  f l o w  r a t e  i n  each i n d i v i d u a l  p o re  w i l l  be d i f f e r e n t  f ro m  
t h a t  i n  o t h e r  p o re s  a t  a f i x e d  p r e s s u r e .  These f e a t u r e s  w i l l  d e f i n i t e l y  a f ­
f e c t  b u b b le  s i z e  fo rm ed  a t  th e  po ro u s  tu b e  s u r f a c e  o f  a co m p le te  a i r - s p a r g e d  
h y d r o c y c lo n e  s ys te m . H owever, based on th e  n o t i o n  t h a t  th e  b u b b le  s i z e  does 
n o t  d i f f e r  to o  much f ro m  th e  c a p i l l a r y  s i z e  when th e  r a t i o  o f  a i r  v e l o c i t y  
t h r o u g h  th e  c a p i l l a r y  t o  t a n g e n t i a l  w a te r  v e l o c i t y  i n  th e  c y c lo n e  i s  i n  th e  
range  f ro m  0.3 t o  3 , i t  w ou ld  be e x p e c te d  t h a t  b u b b le s  fo rm ed  i n  th e  a c t u a l  
a i r - s p a r g e d  h y d r o c y c lo n e  do n o t  d i f f e r  much i n  s i z e  f ro m  th e  p o re  s i z e s  o f  th e  
po ro u s  tu b e  i n  w h ic h  case b u b b le s  as s m a l l  as 10 m ic ro n s  m ig h t  be e x p e c te d  
( M i l l e r ,  e t  a l . 1985) .  The d i s t r i b u t i o n  o f  b u b b le  s i z e s  s h o u ld  f o l l o w  th e  
d i s t r i b u t i o n  o f  th e  p o re  s iz e s  as i s  p r e d i c t e d  f ro m  th e  f a c t  t h a t  th e  r a t i o  o f  
a i r  v e l o c i t y  i n  th e  po re s  t o  t a n g e n t i a l  w a te r  v e l o c i t y  i n  th e  a c t u a l  ASH s y s ­
tem i s  c lo s e  t o  th e  v a lu e s  used i n  th e  e x p e r im e n ts  f o r  s i n g l e  c a p i l l a r i e s .  
N e v e r th e le s s ,  e x p e r im e n ta l  v e r i f i c a t i o n  has n o t  been c o m p le te d  a t  t h i s  t im e  
due t o  th e  d i f f i c u l t i e s  e n c o u n te re d  i n  b u b b le  s i z e  m easurem ents i n  th e  a c t u a l  
ASH sy s te m . I n  te rm s  o f  b u b b le  s t a b i l i t y ,  how eve r,  i t  m ig h t  be re a so n e d  t h a t  
th e  l i m i t i n g  b u b b le  s i z e  w i l l  a pp roach  th e  t h i c k n e s s  o f  th e  b ound a ry  l a y e r  a t  
th e  s u r f a c e  o f  th e  po ro u s  tu b e  a n d /o r  th e  s i z e  o f  t u r b u l e n t  e d d ie s  i n  th e  s y s ­
tem .
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As m e n t io n e d  p r e v i o u s l y  f r o t h  f l o t a t i o n  i s  a p h y s ic o c h e m ic a l  s e p a r a t io n  
p ro c e s s  t h a t  depends on th e  a t ta c h m e n t  o f  a i r  b u b b le s  t o  th e  s u r fa c e s  o f  hy ­
d r o p h o b ic  p a r t i c l e s .  O th e r  h y d r o p h i l i c  p a r t i c l e s  a re  w e t te d  by th e  aqueous 
phase and w i l l  n o t  a t t a c h  t o  a i r  b u b b le s .  Thus th e  s e p a r a t io n  o f  c o a l  p a r t i ­
c le s  f ro m  m in e r a l  m a t te r  p a r t i c l e s  o c c u rs  as d is p e r s e d  a i r  b u b b le s  pass 
th ro u g h  a s u s p e n s io n  o f  m ixed  p a r t i c l e s  ( t y p i c a l l y  m inus 28 m esh); th e  b u b b le /  
p a r t i c l e  a g g re g a te s  f l o a t  t o  th e  s u r f a c e  and a re  c o l l e c t e d  as c le a n  c o a l  con­
c e n t r a t e .  The h y d ro p h o b ic  c h a r a c te r  o f  c o a l  p a r t i c l e s  v a r i e s  w i t h  r a n k ,  e x ­
t e n t  o f  l i b e r a t i o n ,  and th e  s t a t e  o f  s u r f a c e  a l t e r a t i o n  ( J i n ,  Ye and M i l l e r ,
1987) .  Depend ing  on th e  a b o v e -m e n t io n e d  f a c t o r s ,  v a r io u s  l e v e l s  o f  conven­
t i o n a l  f l o t a t i o n  r e a g e n ts ,  such  as m o le c u la r  o i l s ,  a re  r e q u i r e d  t o  enhance th e  
h y d ro p h o b ic  c h a r a c te r  o f  c o a l  p a r t i c l e s  w h i l e  th e  m in e r a l  m a t te r  p a r t i c l e s  
re m a in  h y d r o p h i l i c .  These n e u t r a l  m o le c u la r  o i l s  such  as k e ro s e n e  o r  f u e l  o i l  
a re  c a l l e d  p ro m o te rs  and a re  used t o  enhance th e  a t ta c h m e n t  o f  a i r  b u b b le s  a t  
th e  c o a l  s u r f a c e  by fo r m in g  a t h i n  c o a t in g  o v e r  th e  a i r  b u b b le s  a n d /o r  p a r t i ­
c le s  t o  be f l o a t e d .  I n  c o a l  f l o t a t i o n ,  f r o t h e r s  such as m e th y l  i s o b u t y l  c a r -
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b i n o l  (M IB C ) , t e r p i n o l ,  c r e s o l s ,  p o l y g l y c o l s ,  and some s p e c i a l l y  b le n d e d  r e a ­
g e n ts  such  as th o s e  m a rk e te d  by S h e rex , Dow and N a lc o  a re  f r e q u e n t l y  used . The 
c h o ic e  o f  th e s e  r e a g e n ts  and l e v e l  o f  a d d i t i o n  depends on th e  c o a l  t o  be 
f l o a t e d  and th e  d e s i r e d  l e v e l  o f  s e l e c t i v i t y  w i t h  r e s p e c t  t o  ash and s u l f u r .
A l th o u g h  such  a re a g e n t  s c h e d u le  i s  used f o r  c o n v e n t io n a l  c o a l  f l o t a t i o n ,  
p r o d u c t io n  o f  d e e p -c le a n e d  c o a l  by f r o t h  f l o t a t i o n  can be d i f f i c u l t .  I t  i s  
im p o r t a n t  t o  n o te  t h a t ,  i n  o r d e r  t o  p roduce  a h i g h - q u a l i t y  c o a l  p r o d u c t ,  f r e e  
o f  m in e r a l  m a t te r  and s u l f u r ,  th e  fe e d  may have t o  be g round  t o  f i n e  s iz e s  
(m inus  400 m esh ). Under th e s e  c i r c u m s ta n c e s  s e v e r a l  p rob lem s  a r i s e .  The f i n e  
c o a l ,  due t o  i t s  h ig h  s u r fa c e  a re a ,  a d s o rb s  s i g n i f i c a n t  amounts o f  p ro m o te r  
and f r o t h e r .  The p ro m o te r  w h ic h  i s  used t o  i n c r e a s e  th e  h y d r o p h o b i c i t y  o f  th e  
c o a l  p a r t i c l e s  i n a d v e r t e n t l y  a d s o rb s  on th e  m in e r a l  m a t te r  p a r t i c l e s ,  and 
th e s e  p a r t i c l e s  s u b s e q u e n t ly  r e p o r t  t o  th e  c le a n  c o a l  p r o d u c t ,  d e c r e a s in g  th e  
q u a l i t y  o f  th e  p r o d u c t .  The l i b e r a t e d  f i n e  m in e r a l  m a t te r  som etimes a t ta c h e s  
t o  th e  h y d ro p h o b ic  c o a l  p a r t i c l e  ( s l im e  c o a t i n g ) ,  r e s u l t i n g  i n  a pseu d o d e p re s ­
s io n  phenomenon. As a r e s u l t  o f  th e s e  c o n s id e r a t i o n s ,  th e  p r o d u c t io n  o f  
s u p e r c le a n  o r  even c o m p l ia n c e  c o a l  by c o n v e n t io n a l  f r o t h  f l o t a t i o n  methods has 
been a d i f f i c u l t  t a s k .
A n o th e r  p ro b le m  o f  c o n v e n t io n a l  c o a l  f l o t a t i o n  has been s u l f u r  r e j e c t i o n .  
W ith  i n c r e a s in g  demand on e n v i r o n m e n ta l  c o n t r o l ,  th e  s u l f u r  c o n te n t  i n  c le a n  
c o a l  p r o d u c ts  ( i n c l u d i n g  o r g a n ic  and in o r g a n i c  s u l f u r )  has t o  be re d u ce d  t o  a 
minimum, e s p e c i a l l y  because o f  o u r  c o n c e rn  f o r  th e  e n v i ro n m e n t  —  th e  need to  
con te n d  w i t h  th e  a c i d - r a i n  p ro b le m .
P r i o r  a r t  c o a l - f l o t a t i o n  c h e m is t r y  has been l i m i t e d  t o  th e  use o f  conven­
t i o n a l  f r o t h e r s ,  o i l s ,  d i s p e r s a n t s ,  d e p re s s a n ts  and a l t e r a t i o n s  o f  th e s e  r e a ­
g e n ts  i n  an a t te m p t  t o  g a in  some advan ta ge  i n  th e  s e p a r a t io n  o f  c o a l  f ro m  
m in e r a l  m a t te r  ( i n c l u d i n g  p y r i t i c  s u l f u r ) .  O n ly  m odest success  has been 
a c h ie v e d .  However, r e c e n t  s t u d ie s  i n d i c a t e  t h a t  a new g e n e r a t io n  o f  c o a l  f l o ­
t a t i o n  r e a g e n ts  may a l l o w  f o r  im proved  p y r i t e  and m in e r a l  m a t t e r  r e j e c t i o n  by 
ch e m ic a l  m o d i f i c a t i o n  ( M i l l e r  and Ye, 1987) .
Im proved  p y r i t e  and m in e r a l  m a t te r  r e j e c t i o n  a ls o  may be p o s s ib le  by 
m ic ro b u b b le  f l o t a t i o n  w i t h  th e  h ig h  c a p a c i t y  a i r - s p a r g e d  h y d r o c y c lo n e .  S ince  
th e  i n i t i a l  work w i t h  th e  ASH i n  t h i s  a re a  o f  c o a l  f l o t a t i o n  ( M i l l e r  and Van 
Camp, 1982) su b se q u e n t  r e s e a r c h  has l e d  t o  s i g n i f i c a n t  im provem en ts  i n  th e  ASH 
te c h n o lo g y  and more r e c e n t  r e s u l t s  f u r t h e r  d e m o n s t ra te  th e  p o t e n t i a l  o f  th e  
a i r - s p a r g e d  h y d ro c y c lo n e  f o r  f i n e  c o a l  f l o t a t i o n .
G enera l F e a tu re s
Im p o r ta n t  f e a t u r e s  o f  c o a l  f l o t a t i o n  w i t h  th e  a i r - s p a r g e d  h y d ro c y c lo n e  
a re ;  th e  l e v e l  o f  h y d r o p h o b i c i t y  o f  th e  c o a l  p a r t i c l e s ,  f r o t h  s t a b i l i t y  (a d ­
ju s tm e n t  o f  o i l  and f r o t h e r  a d d i t i o n ) ,  low  fe e d  s o l i d s  c o n c e n t r a t i o n  ( 5$ by 
w e ig h t ) ,  h ig h  p r o p o r t i o n  o f  h y d ro p h o b ic  c o a l  p a r t i c l e s  (som etim es more th a n  
80$ o f  th e  fe e d  s o l i d s  must be t r a n s p o r t e d  i n t o  th e  o v e r f l o w  s t r e a m ) ,  and f i n e  
h y d r o p h i l i c  m in e r a l - m a t t e r  p a r t i c l e s  t h a t  a re  c o m p le te ly  d is p e r s e d  i n  th e  
s l u r r y .
Under th e s e  c i r c u m s ta n c e s ,  h ig h  a i r  f l o w  r a t e  i s  g e n e r a l l y  p r e f e r r e d .  
S l u r r y  p re s s u re  s h o u ld  be c o n t r o l l e d  a t  a m odest l e v e l  because in c r e a s in g  
s l u r r y  p re s s u re  does n o t  b r i n g  a b o u t  a g r e a t  a d van ta ge  f o r  r e j e c t i n g  m in e r a l -
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m a t te r  p a r t i c l e s  (due t o  t h e i r  s m a l l  s i z e )  b u t  r a t h e r  causes poor f l o t a t i o n  
y i e l d  o f  co a rs e  c o a l  p a r t i c l e s  (28 x 48 m esh ). For a g iv e n  l e v e l  o f  h y d ro p h o ­
b i c i t y  and f r o t h  s t a b i l i t y ,  t h e  o p t im a l  s l u r r y  p re s s u re  i s  e s t a b l i s h e d  by th e  
r e l a t i v e  p r o p o r t i o n  o f  co a rse  c o a l  t o  f i n e  c la y  o r  o t h e r  m in e r a l  m a t te r  p a r t i ­
c l e s .  Due t o  th e  f a c t  t h a t  f i n e  m in e r a l - m a t t e r  p a r t i c l e s  a re  d is p e r s e d  i n  th e  
s l u r r y ,  w a te r  s p l i t  i n t o  th e  o v e r f l o w  s t re a m  ( f r o t h )  s h o u ld  be c o n t r o l l e d  a t  a 
minimum. T h is  can be done by u s in g  th e  p ro p e r  r a t i o  o f  o v e r f l o w  o p e n in g  a re a  
t o  u n d e r f lo w  o p e n in g  a re a  a t  an a p p r o p r i a t e  a i r  f l o w  r a t e .  F u r t h e r ,  a l th o u g h  
a h ig h  s o l i d  s p l i t  i s  e n c o u n te re d  i n  c o a l  f l o t a t i o n ,  volume s p l i t  f ro m  fe e d  t o  
o v e r f l o w  s t re a m  i n  c o a l  f l o t a t i o n  u s u a l l y  i s  lo w  because o f  low  s o l i d s  concen­
t r a t i o n  used i n  c o a l  f l o t a t i o n ,  and a r e l a t i v e l y  s m a l l  o v e r f l o w  o p e n in g  a rea  
i s  recommended t o  m in im iz e  t r a n s p o r t  o f  f i n e  m in e r a l - m a t t e r  p a r t i c l e s  t o  th e  
th e  o v e r f l o w  s t re a m  ( t o g e t h e r  w i t h  t h e  t r a n s p o r t  o f  w a t e r ) .
Pe rfo rm ance  C h a r a c t e r i s t i c s
:: W i th  th e s e  s t r a t e g i c  c o n t r o l s ,  c o a l  c le a n in g  w i t h  an a i r - s p a r g e d  h y d ro ­
c y c lo n e  g iv e s  a c le a n  c o a l  p r o d u c t  q u a l i t y  com pa rab le  t o  o r  b e t t e r  th a n  t h a t  
a c h ie v e d  w i t h  c o n v e n t io n a l  f l o t a t i o n  e q u ip m e n t .  I n  one case , a p r e l i m in a r y  
ASH t e s t  p rog ram  on m inus 100-mesh m e d iu m - v o la t i l e  b i tu m in o u s  c o a l  ta k e n  f ro m  
a c l a s s i f y i n g  c y c lo n e  o v e r f l o w  p ro d u c t  ( 18? ash and 1 . 1? t o t a l  s u l f u r )  a t  a 
p r e p a r a t i o n  p la n t  i n  P e n n s y lv a n ia  showed p r o m is in g  r e s u l t s .  A n a ly s is  o f  th e  
fe e d  m a t e r i a l  w i t h  r e s p e c t  t o  p a r t i c l e  s i z e  showed t h a t  60? o f  th e  mass, 86? 
o f  th e  ash , 65? o f  th e  t o t a l  s u l f u r ,  and 80? o f  th e  p y r i t i c  s u l f u r  o c c u r r e d  i n  
th e  m inus 400-mesh s i z e  f r a c t i o n .  A s e r i e s  o f  t e s t s  were c a r r i e d  o u t  d u r in g  
w h ic h  th e  p e r fo rm a n c e  o f  th e  a i r - s p a r g e d  h y d ro c y c lo n e  u n i t  was e v a lu a te d .  A 
n o m in a l  5-cm d ia m a te r  x 50-cm lo n g  u n i t  was used w h ic h  c o u ld  p ro c e s s  c o a l  a t  
r a t e s  as h ig h  as 0.5  t p h .  The i n f l u e n c e  o f  b o th  d e s ig n  v a r i a b l e s  ( f r o t h  
p e d e s ta l ,  l e n g t h ,  p o re  s i z e ,  v o r t e x  f i n d e r  d ia m e te r )  and o p e r a t i n g  v a r i a b l e s  
( f e e d  r a t e ,  a i r  f l o w ,  re a g e n t  dosage , p u lp  d e n s i t y ,  c o n d i t i o n i n g  t im e )  on th e  
p e r fo rm a n c e  o f  th e  a i r - s p a r g e d  h y d r o c y c lo n e  was exam ined . T y p ic a l  r e s u l t s  
f ro m  s i n g l e - s t a g e  ro u g h e r  f l o t a t i o n  w i t h  a r e t e n t i o n  t im e  o f  l e s s  th a n  one 
second p roduced  c le a n  c o a l  p r o d u c ts  c o n t a in in g  7 t o  8? ash a t  y i e l d s  o f  70 t o  
80?, c o r r e s p o n d in g  t o  an o v e r a l l  ash r e j e c t i o n  o f  70 t o  75?. See T a b le  3 . 
D e t a i l e d  a n a l y s i s  o f  th e  p r o d u c ts  i n d i c a t e d  t h a t  th e  m inus  400-mesh m a t e r i a l  
c o u ld  be c le a n e d  q u i t e  e f f i c i e n t l y  w i t h  a t y p i c a l  ash r e j e c t i o n  o f  70?. For 
exam p le ,  th e  ash c o n te n t  o f  th e  m inus 400-mesh f r a c t i o n  was re d u c e d  f ro m  22 . 6? 
i n  th e  fe e d  t o  9 . 4? i n  t'ne c le a n  c o a l  p r o d u c t  f o r  a s i n g l e - s t a g e  ro u g h e r  f l o ­
t a t i o n  s te p  w i t h  a r e t e n t i o n  t im e  o f  l e s s  th a n  one second .
T a b le  3 - ASH ( 5-cm x 50-cm) F l o t a t i o n  o f  M e d iu m - V o la t i l e  B i tu m in o u s  
C oa l f rom  P e n n s y lv a n ia .  Feed m a t e r i a l  m inus 100 mesh 
‘ , . ( > 50? m inus 400 m esh). Feed r a t e  d ry  s o l i d s  = 0.5  t p h .  ■.
_...- .-,F v -
wt ? ? Ash




C lean  Coal 72 6.5 27 82
R e je c t  ' ■■ ' ■- 28 : 46.9 .. 73 18
Feed , ' ... 100 ' 1 17.8 ’ 100 100
1 0
A n o th e r  s e r i e s  o f  a i r - s p a r g e d  h y d r o c y c lo n e  t e s t s  was c a r r i e d  o u t  on a 
h i g h - v o l a t i l e  b i tu m in o u s  c o a l  f ro m  A labama. Samples o f  t h i s  m a t e r i a l  e x h i b i t  
a c o n s id e r a b ly  c o a rs e r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  T h is  h i g h - v o l a t i l e  b i t u m i ­
nous c o a l  f ro m  an Alabama p r e p a r a t i o n  p l a n t  had a t o p  s i z e  o f  28-mesh w i t h  55? 
g r e a t e r  th a n  100-m esh. These t y p i c a l  f l o t a t i o n  fe e d  sam ples  c o n ta in e d  11 . 5? 
a s h .  The i n f l u e n c e  o f  v a r io u s  p a ra m e te rs  such  as re a g e n t  l e v e l s ,  a i r  f l o w  
r a t e ,  and s l u r r y  p re s s u re  were i n v e s t i g a t e d .  O f most s i g n i f i c a n c e ,  i n  th e  
case o f  th e  h i g h - v o l a t i l e  b i tu m in o u s  c o a l ,  was th e  e f f e c t  o f  fe e d  s l u r r y  p r e s ­
s u re  on th e  o v e r a l l  f l o t a t i o n  r e c o v e r y .  F o r e xam p le ,  i t  has been d e m o n s t ra te d  
t h a t  th e  upper p a r t i c l e  s i z e  f l o t a t i o n  l i m i t  f o r  an a i r - s p a r g e d  h y d r o c y c lo n e  
i s  s t r o n g l y  a f f e c t e d  by th e  h y d ro p h o b ic  c h a r a c t e r  o f  th e  p a r t i c l e  i t s e l f  
( M i l l e r  and Ye, 1988) and i s  e x te n d e d  as th e  h y d r o p h o b i c i t y  o f  th e  p a r t i c l e s  
in c r e a s e .  F u r t h e r ,  th e  u p p e r  p a r t i c l e  s i z e  f l o t a t i o n  l i m i t  i s  a d v e r s e ly  a f ­
f e c t e d  by fe e d  s l u r r y  p re s s u re  w h ic h  c o n t r o l s  th e  t a n g e n t i a l  v e l o c i t y  o f  th e  
s l u r r y  i n  s w i r l  m o t io n .  These g e n e r a l i z a t i o n s  a re  d e m o n s tra te d  a g a in  f ro m  th e  
s i z e - b y - s i z e  f l o t a t i o n  r e c o v e r y  o f  c o a l  p a r t i c l e s  shown i n  F ig u r e  2 . F l o t a ­
t i o n  r e c o v e r y  o f  200-ym c o a l  p a r t i c l e s  i s  d e c re a se d  f ro m  70? t o  15? as th e  
s l u r r y  p re s s u re  in c r e a s e s  f ro m  5 p s ig  t o  20 p s ig  a t  a c o n s ta n t  ke rosene  a d d i ­
t i o n  o f  0 . 5k g / t o n .  The d e c re a se  i n  th e  f l o t a t i o n  r e c o v e r y  i s  due t o  th e  i n ­
c re a se d  c e n t r i f u g a l  f o r c e  a c t i n g  on p a r t i c l e s  a t  h ig h e r  s l u r r y  p re s s u re  w h ich  
p r e v e n ts  s t a b l e  b u b b l e / p a r t i c l e  a t ta c h m e n t .  When a h ig h  ke rosene  a d d i t i o n  i s  
used ( 1.5  k g / t o n )  t o  im prove  th e  h y d ro p h o b ic  c h a r a c te r  o f  th e  c o a l ,  th e  f l o t a ­
t i o n  r e c o v e r y  o f  th e  200-ym c o a l  p a r t i c l e s  i s  r e s t o r e d  t o  some e x t e n t  i n ­
c r e a s in g  f ro m  15? t o  50?. A t y p i c a l  s e p a r a t io n  under p r e f e r r e d  o p e r a t i n g  
c o n d i t i o n s  r e s u l t e d  i n  a c le a n  c o a l  p ro d u c t  h a v in g  an ash c o n te n t  o f  5 . 5? a t  a 
y i e l d  o f  65 t o  70? as shown i n  T a b le  4 .
T a b le  4 . ASH ( 5-cm x 50-cm) F l o t a t i o n  o f  H i g h - V o l a t i l e  B i tu m in o u s  
C oal f ro m  Alabam a. Feed m a t e r i a l  m inus 28 mesh (> 50? 
p lu s  100 m esh). Feed r a t e  d r y  s o l i d s  = 0.5  t p h .
D i s t r i b u t i o n ?
wt ? ? Ash Ash C oa l
C lean  Coal 67.2 5.7 45 55
Rej e c t 32.8 1 3.2 55 45
Feed 100 7.9 100 100
I n  g e n e r a l , e x c e l l e n t  s e p a r a t io n e f f i c i e n c i e s have been a c h ie v e d by a i r -
spa rged  h y d r o c y c lo n e  f l o t a t i o n  w i t h  th e  r e s u l t s  a p p ro a c h in g  a l i m i t  imposed by 
th e  w a s h a b i l i t y  c h a r a c t e r i s t i c s  o f  th e  fe e d .  F ig u r e  3 p re s e n ts  th e  ash con­
t e n t  v e rs u s  y i e l d  w i t h  d i f f e r e n t  f l o t a t i o n  te c h n iq u e s  f o r  th e  m e d iu m - v o la t i l e  
b i tu m in o u s  c o a l  f ro m  P e n n s y lv a n ia .  The b e n c h - s c a le  t e s t  was p e r fo rm e d  w i t h  a 
t w o - l i t e r  f l o t a t i o n  c e l l ,  w h i l e  th e  a i r - s p a r g e d  h y d r o c y c lo n e  t e s t  was done 
w i t h  a n o m in a l  5-cm x 50-cm ASH sys tem  a t  a s p e c i f i c  d r y  s o l i d s  fe e d  c a p a c i t y  
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F ig u r e  2 . S i z e - b y - s i z e  f l o t a t i o n  r e c o v e r y  o f  Alabama c o a l  ( h i g h -  
v o l a t i l e  b i t u m in o u s )  f o r  two d i f f e r e n t  s l u r r y  p re s s u re s  







Figure 3. F lo ta t io n  behavior of m edium -vola tile  b itum inous co a l compared to  
w a sh a b ility  c h a r a c te r i s t i c s .
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SUMMARY AND CONCLUSIONS
Research and development e f f o r t s  a re  be ing  c o n t in u e d  to  de te rm ine  p re ­
f e r r e d  d e s ig n  fe a tu r e s  and s c a le -u p  c r i t e r i a  f o r  a i r - s p a rg e d  h yd ro cy c lo n e  f l o ­
t a t i o n .  I t  i s  expected  t h a t  c le a n  c o a l  p ro d u c ts  m ee t in g  com p liance  s p e c i f i c a ­
t i o n s  can be made a t  h ig h  y i e l d s  i n  th e  a i r - s p a r g e d  h y d ro c yc lo n e  p ro v id e d  s u f ­
f i c i e n t  l i b e r a t i o n  i s  ach ieved  and an a p p ro p r ia te  re a g e n t  schedu le  i s  e s ta b ­
l i s h e d .  Of p a r t i c u l a r  s i g n i f i c a n c e  however, i s  t h a t  th e  s p e c i f i c  c a p a c i t y  o f  
the  a i r - s p a r g e d  h yd ro cy c lo n e  appears to  be as much as 500 t im es  t h a t  o f  c o l ­
umns and c o v e n t io n a l  m echan ica l f l o t a t i o n  c e l l s .
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